Corticotropin-releasing factor (CRF) activates locus coeruleus (LC)-norepinephrine neurons during stress. Previous stress or CRF administration attenuates the magnitude of this response by decreasing postsynaptic sensitivity to CRF. Here we describe the fate of CRF receptors (CRFr) in LC neurons after stress. Rats were exposed to swim stress or handling and perfused 1 or 24 h later. Sections through the LC were processed for immunogold-silver labeling of CRFr. CRFr in LC dendrites was present on the plasma membrane and within the cytoplasm. In control rats, the ratio of cytoplasmic to total dendritic labeling was 0.55 ؎ 0.01. Swim stress increased this ratio to 0.77 ؎ 0.01 and 0.80 ؎ 0.02 at 1 and 24 h after stress, respectively. Internalized CRFr was associated with different organelles at different times after stress. At 1 h after stress, CRFr was often associated with early endosomes in dendrites and perikarya. By 24 h, more CRFr was associated with multivesicular bodies, suggesting that some of the internalized receptor is targeted for degradation. In perikarya, more internalized CRFr was associated with Golgi apparatus 24 vs. 1 h after stress. This is suggestive of changes in CRFr synthesis. 
C ORTICOTROPIN-RELEASING FACTOR (CRF), the hypothalamic neurohormone that mediates stressinduced release of ACTH (1), also acts as a brain neurotransmitter. This is supported by the distribution of CRFimmunoreactive neuronal processes and receptors in extrahypophyseal regions and the behavioral and autonomic effects produced by central CRF administration (2) (3) (4) (5) . The noradrenergic nucleus, locus coeruleus (LC), is a putative target of CRF neurotransmission (6) . CRF-immunoreactive axon terminals synapse with catecholaminergic LC dendrites (7, 8) . Intracoerulear CRF microinfusion increases LC discharge rate, norepinephrine (NE) levels in prefrontal cortex and produces cortical electroencephalographic activation (9, 10) . Moreover, LC activation elicited by certain stimuli is abated by microinfusion of a CRF antagonist into the LC, suggesting that CRF neurotransmission in the LC mediates stress-induced LC activation (11) (12) (13) . Given the role of the LC-NE system in arousal and attention, this may be part of a cognitive limb of the stress response (14) .
LC sensitivity to CRF is affected by many conditions. Previous CRF administration decreases the subsequent response of LC neurons to CRF for up to a week (15) . Cross-desensitization has been demonstrated between CRF and stressors (16) . In contrast, certain conditions increase LC sensitivity to CRF, including chronic morphine administration (17) . Swim stress, which produces relatively long-term changes in behavior, shifts the CRF doseresponse curve for LC activation in a complex manner, increasing LC sensitivity to low doses of CRF, but with a lower plateau (18) . Because LC sensitivity to CRF determines the magnitude of the arousal and attentional response to stress, it is important to understand cellular mechanisms regulating this response.
Agonist-induced internalization of G protein-coupled receptors, such as CRFr, is a common mechanism for modulating cellular sensitivity to neurotransmitters (19) . Evidence for CRF-induced trafficking of CRFr has been demonstrated in cultured neurons (20 -23) . Recently, we provided evidence for agonist-induced internalization of CRFr in LC neurons in vivo (24) . This phenomenon may underlie acute desensitization of the LC-NE system to CRF.
Although pharmacologically induced receptor internalization is of interest, it is important to determine whether receptor internalization occurs under physiological conditions. To this end, the present study used electron microscopic analysis to examine cellular trafficking of the CRFr within LC neurons at different times after swim stress. An additional set of studies examined the ability of the selective CRF 1 receptor antagonist antalarmin to alter stress-induced receptor trafficking.
Materials and Methods Subjects
Eighteen adult male Sprague Dawley rats (Taconic, Germantown, NY) housed three to a cage (20 C, 12-h light, 12-h dark cycle, lights on 0700 h) were used in this study. Food and water were freely available. Rats were housed in the animal facility for at least 5 d before experimentation. The care and use of animals were approved by the Children's Hospital of Philadelphia Institutional Animal Care and Use Committee and in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Only the minimum numbers of animals necessary to produce reliable scientific data were used.
Swim stress
The swim stress used in the present study followed the protocols that have been previously described (18) . Individual rats were placed in a cylindrical glass tank (46 cm height ϫ 20 cm diameter) filled with water (25 Ϯ 1 C) to a depth of 30 cm for 15 min. The 30-cm depth allowed rats to swim or float without having their tails touch the bottom of the tank. Immediately after a 15-min swim, rats were removed from the tank, towel dried, and put in a warming cage (37 C) that contained a heating pad covered with towels for 15 min. Rats were then returned to their home cage and perfused 1 or 24 h later. Control rats were brought to the same room, picked up once, and put back in their home cage. For experiments involving drug pretreatment, the selective CRF 1 receptor antagonist antalarmin (20 mg/kg) or vehicle (1 ml/kg) was administered 30 min before the 15-min swim stress, and rats were killed 24 h later. Swim stress occurred between 1000 and 1400 h.
Tissue preparation
Rats were deeply anesthetized with sodium pentobarbital (70 mg/kg) and transcardially perfused through the ascending aorta with 10 ml heparinized saline, 50 ml 3.75% acrolein (Electron Microscopy Sciences, Fort Washington, PA), and 200 ml 2% formaldehyde in 0.1 m phosphate buffer (PB; pH 7.4). Immediately after perfusion fixation, the brains were removed, sectioned into coronal slices, and postfixed in the same fixative overnight at 4 C.
Immunoelectron microscopy
Every fourth section through the rostrocaudal extent of the LC was cut in the coronal plane at a setting of 40 m using a Vibratome (Technical Product International, St. Louis, MO) and collected into 0.1 m PB. Sections were placed for 30 min in 1% sodium borohydride in 0.1 m PB and rinsed thoroughly in 0.1 m PB to remove reactive aldehydes and incubated in 0.5% BSA in 0.1 m Tris-buffered saline (TBS; pH 7.6) for 30 min. Then tissue sections were incubated 12-14 h in the rabbit anti-CRFr antisera (H215 directed against amino acids 230 -444; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at 1:1000 or in a cocktail of rabbit anti-CRFr antisera (Santa Cruz Biotechnology) at 1:1000, and mouse monoclonal tyrosine hydroxylase (TH) antibody (Immunostar Inc., Hudson, WI) at 1:2000 diluted in 0.1 m TBS containing 0.1% BSA. The CRFr antiserum recognizes both CRF 1 and CRF 2 receptor subtypes. Sections were rinsed and incubated in appropriate secondary antisera at room temperature. For immunogold-silver localization of CRFr, sections were rinsed three times with 0.1 m TBS, followed by rinses with 0.1 m PB and 0.01 m PBS (pH 7.4). Sections were then incubated in a 0.2% gelatin-PBS and 0.8% BSA buffer for 10 min. This was followed by incubation in goat antirabbit IgG conjugate in 1-nm gold particles (1:50; Amersham Bioscience Corp., Piscataway, NJ) at room temperature for 2 h. Subsequently, sections were rinsed in buffer containing the same concentration of gelatin and BSA as above and rinsed with 0.01 m PBS. Sections were then incubated in 2% glutaraldehyde (Electron Microscopy Sciences) in 0.01 m PBS for 10 min followed by washes in 0.01 m PBS and 0.2 m sodium citrate buffer (pH 7.4), respectively. A silver enhancement kit (Amersham Bioscience Corp.) was used for silver intensification of the gold particles. After intensification, tissues were rinsed in 0.2 m citrate buffer and 0.1 m PB and incubated in 2% osmium tetroxide (Electron Microscopy Sciences) in 0.1 m PB for 1 h, washed in 0.1 m PB, dehydrated in an ascending series of ethanol followed by propylene oxide and flat embedded in Epon 812 (Electron Microscopy Sciences) (25) . For tissues labeled for both CRFr and TH, TH immunoreactivity was detected using biotinylated donkey antimouse IgG (1:400; Vector Laboratories, Burlingame, CA) and avidin-biotin complex solution (1:200, Vector). The peroxidase reaction product was visualized by incubating sections in 0.02% 3,3Ј-diaminobenzidine (Sigma-Aldrich Inc., St. Louis, MO) containing 0.01% H 2 O 2 . CRFr immunoreactivity was detected using goat antirabbit IgG conjugate in 1-nm gold particles (Amersham) following the same protocol described above. Thin sections of approximately 50 -80 nm in thickness were cut with a diamond knife (Diatome-US, Fort Washington, PA) using a Leica Ultracut (Leica Microsystems, Wetzlar, Germany). Sections were collected on copper mesh grids, examined with an electron microscope (Morgagni, Fei Co., Hillsboro, OR), and digital images were captured using the AMT advantage HR/HR-B CCD camera system (Advance Microscopy Techniques Corp., Danvers, MA). Figures were assembled and adjusted for brightness and contrast in Adobe Photoshop.
Controls and data analysis
To verify that the CRFr antibody was detecting CRF 1 , immunolabeling was also examined in sections from mice with a deletion of CRF 1 and wild-type mice (kindly provided by Dr. Stephen C. Gammie of the University of Wisconsin, Madison, WI). After perfusion with 5% acrolein, the brains were removed and cryoprotected in 30% sucrose and frozen. Frozen 40-m-thick sections were cut in the coronal plane using a freezing microtome (Micron HM550 cryostat; Richard-Allan Scientific, Kalamazoo, MI) and rinsed extensively in 0.1 m PB and 0.1 m TBS. Sections were placed for 30 min in 1% sodium borohydride in 0.1 m PB. The tissue sections were then incubated in 0.5% BSA and 0.25% Triton X-100 in 0.1 m TBS for 30 min. Thorough rinses in 0.1 m TBS were done after incubation. Sections were then placed in 3% H 2 O 2 in 0.1 m PB for 30 min and rinsed in 0.1 m PB and 0.1 m TBS. Subsequently, sections were incubated in the rabbit anti-CRFr antisera (1:500; Santa Cruz Biotechnology) for 12-14 h at room temperature. The following day, tissue sections were rinsed three times in 0.1 m TBS and incubated in biotinylated donkey antirabbit (1:400; Vector) for 30 min followed by rinses in 0.1 m TBS. The sections were then incubated with avidin-biotin complex (Vector) for 30 min. For all incubations and washes, sections were continuously agitated with a rotary shaker. CRFr was visualized in 22 mg 3,3Ј-diaminobenzidine (Sigma-Aldrich) and 10 l 30% H 2 O 2 in 100 ml 0.1 m TBS. Sections were collected, dehydrated, and coverslipped for light microscopic analysis of CRFr immunoreactivity.
In addition to the above control, control sections for each experiment were run in parallel in which only the primary antibody was omitted. No detectable immunoreactivity was observed in the absence of the primary antibody.
The classification of identified cellular elements was based on the method of Peters et al. (26) . Dendrites usually contained endoplasmic reticulum and were postsynaptic to axon terminals. Axon terminals contained synaptic vesicles and were at least 0.3 m in diameter. A varicosity was considered as synaptic when it showed a junctional complex, a restricted zone of apposed parallel membranes with slight enlargement of the intercellular space, and/or associated postsynaptic thickening.
Dendrites were sampled from at least 10 grids containing five to 10 thin sections each from at least three plastic-embedded sections of the LC from each animal. Dendrites were not classified based on size because our previous investigation showed that there was no difference between groups in the type or size of dendrites that were sampled for analysis or in the ratio of cytoplasmic to total silver grains in different sized dendrites (24) . Selective immunogold-silver-labeled profiles were identified by the presence, in single thin sections, of at least two to three immunogold particles within a cellular compartment, as we previously described (24) . As observed in low-magnification electron micrographs, background labeling in the neuropil, deemed spurious, was not commonly encountered.
To quantify the degree of CRFr internalization after swim stress, tissue sections from three rats in each group (control, 1 h after stress, and 24 h after stress) with optimal preservation of ultrastructural morphology were used. Similarly, the effect of a CRF antagonist on CRFr internalization was examined using tissue sections with optimal preservation of ultrastructural morphology from three rats in each group (control/ handled, antagonist plus swim and vehicle plus swim). Analysis was exclusively carried out on the most superficial portions of the tissue section in direct contact with the embedding plastic to minimize artificial differences based on the penetration of the antibody (25) .
As previously described, CRFr internalization was measured by the ratio of cytoplasmic to total silver grains in a dendrite (24) . Silver grains that measured more than 0.10 m were included in the analysis. Large and irregularly shaped silver grains that measured more than 0.25 m and silver grains that measured less than 0.10 m were not included in the data analysis. Silver grains were identified as plasmalemmal if they were associated with the plasma membrane and cytoplasmic if they were not in contact with the plasma membrane. This ratio was determined for each dendrite, and the mean ratio (from at least 138 dendrites) was determined per animal. The average of the three animals was taken as the group mean, and treatment group means were statistically compared using an ANOVA followed by Tukey's multiple comparison test. All data are expressed as mean Ϯ sem. Statistical analyses were carried out using GraphPad Prism (GraphPad Software, Inc., San Diego, CA).
To measure the association of CRFr with particular subcellular compartments after stress, the silver grains were identified and counted in association with seven subcellular structures. The subcellular structures included the plasma membrane, endosome-like vesicles, multivesicular bodies, Golgi apparatus, and endoplasmic reticulum. Silver grains that were not associated with these defined structures were classified under unidentified subcellular structures. The endosome-like structures were small, round, or irregular shaped vesicles that measured 0.08 -0.21 m. The multivesicular bodies were large round vesicles that measured 0.175-0.550 m and contained small round-shaped vesicles with a clear content. At least 51 dendrites and 18 perikarya per rat were analyzed for this subcellular quantification. The profiles were magnified to allow the identification of the subcellular structure showing silver grains. The results are expressed as the percentage of silver grains associated with subcellular structures. The average of the three animals was taken as the group mean, and treatment group means were statistically compared using an ANOVA followed by Tukey's multiple comparison test.
Results

Control immunolabeling
CRFr immunolabeling was present in the LC and cerebellum of wild-type mice, consistent with studies by others using a different CRFr antibody (27, 28) . In contrast, this immunolabeling was absent in sections from mice with a CRF1 deletion, verifying that the antibody detects CRF 1 (Fig. 1) .
Ultrastructural localization of CRFr in the LC
As we recently demonstrated (24) , CRFr was identified in somatodendritic processes in the LC, and in control subjects, it was preferentially associated with the cytoplasmic surfaces of plasma membranes ( Figs. 2A and 3A) . Ultrastructural analysis has shown that labeling for neurotransmitter receptors may be either parasynaptic (along portions of the plasma membrane near the active zone) and/or extrasynaptic (along portions of the plasma membrane in which synaptic input is not observed (29) . CRFr immunolabeling was often associated with parasynaptic portions of the dendritic plasma membrane, although silver grains indicative of CRFr immunolabeling were also observed extrasynaptically, (e.g. 2A). CRFr-labeled dendrites received synaptic specializations from terminals lacking immunogold-silver labeling and containing heterogeneous types of synaptic vesicles, including large dense-core vesicles and small clear vesicles ( Fig.  2A) . Dual labeling for CRFr and TH demonstrated CRFr immunolabeling within TH-labeled dendrites and perikarya, and here it was mostly associated with the plasma membrane in control rats (Figs. 2D and 4A ).
Swim-induced internalization of CRFr in LC
Exposure of rats to swim stress resulted in a shift in the predominant localization of CRFr from the plasma membrane to the cytoplasmic compartment in dendrites that was apparent at both 1 h (Fig. 2B ) and 24 h (Fig. 2, C and E) after swim stress. In these cases, CRFr labeling within the cytoplasm was often associated with endosome-like structures (Fig. 2B) . Swim-stress-induced CRFr internalization was also apparent in perikarya (Figs. 3, A and B, and 4, A and B) . In sections that were dual labeled for CRFr and TH, swim stress-induced CRFr internalization was identified in THlabeled dendrites (Fig. 2E) and perikarya (Fig. 4B) .
The magnitude of CRFr internalization was quantified using the ratio of cytoplasmic to total silver grains and compared between groups (Table 1 ). An ANOVA revealed a significant treatment effect (F 2,6 ϭ 441; P Ͻ 0.0001). In control rats, the ratio of cytoplasmic to total silver grains was similar to the basal cytoplasmic to total ratio determined in a previous study (i.e. 0.57) (24) . The shift from plasma membrane to cytoplasmic compartment was apparent in both the 1-and 24-h post-stress group. The ratio at 24 h was slightly but statistically elevated over the ratio at 1 h after swim (Table  1) . Interestingly, this was similar to the ratio of cytoplasmic Arrows point to immunogold-silver labeling in the cytoplasm, whereas arrowheads point to immunogold-silver labeling on the plasma membrane. N, Nucleus. C, Dendrite from a 24-h post-stress subject showing CRFr in the cytoplasm and association with a multivesicular body. The dendrite is targeted by multiple axon terminals (t). The inset shows a higher-magnification view of the area denoted by the box in C where CRFr is associated with a multivesicular body. Scale bar, 0.5 m.
FIG. 4. Electron microscopic evidence for stress-induced CRFr internalization in LC perikarya containing immunogold-silver labeling for CRFr and immoperoxidase labeling for TH. A, Electron photomicrograph showing immunogold-silver labeling for CRFr (arrowheads)
along the plasma membrane in control rats; B, Electron photomicrograph from a rat perfused 24 h after 15-min swim stress. CRFr labeling shifts from the plasma membrane to the cytoplasm 24 h after 15-min swim stress in TH-labeled perikarya. Arrows point to immunogold-silver labeling in the cytoplasm, whereas arrowheads point to immunogold-silver labeling on the plasma membrane. Nc, Nucleolus; N, nucleus. Scale bar, 0.5 m.
to total CRFr labeling in LC dendrites quantified after CRF microinfusion into the LC (i.e. 0.81-0.86) (24) .
Immunogold-silver labeling for CRFr was also occasionally identified in axon terminals, as previously reported (24) . CRFr was associated with the plasma membrane of axon terminals in control rats (Fig. 5A) . Similar to the results obtained for somatodendritic processes, there was evidence for stress-induced CRFr internalization in axon terminals (Fig. 5B) .
Targeting of CRFr to distinct cellular compartments in dendrites and perikarya
CRFr was associated with distinct cellular compartments in dendrites and perikarya that related to the duration of time that elapsed after stress (Fig. 6 ). Within dendrites, the CRFr silver grains in association with the plasma membrane, endosome-like vesicles, multivesicular bodies, or unidentified structures were identified and counted (Fig. 6A) . In dendrites of control rats, a greater percentage of CRFr silver grains was associated with the plasma membrane compared with 1 and 24 h after stress (F 2,6 ϭ 41; P Ͻ 0.0003). At 1 h after stress, CRFr was primarily associated with endosome-like vesicles, and the percentage of these associations was significantly greater compared with 24 h after stress or the control group (F 2,6 ϭ 22; P Ͻ 0.002). By 24 h after stress, associations of CRFr with endosome-like vesicles remained above control levels (Fig.  6A ). However, a distinguishing feature of this group was a greater percentage of CRFr silver grains associated with multivesicular bodies (F 2,6 ϭ 20; P Ͻ 0.005). Figure 3C shows an example of CRFr associated with a multivesicular body in a case from the 24-h post-stress group.
In perikarya, CRFr silver grains in association with the plasma membrane, endosome-like vesicles, multivesicular bodies, Golgi apparatus, endoplasmic reticulum, or unidentified structures were identified and counted (Fig. 6B) . Similar to the findings in dendrites, the percentage of CRFr silver grains associated with the plasma membrane was significantly greater in control rats compared with either group of stressed rats (F 2,6 ϭ 56; P Ͻ 0.0001). At 1 and 24 h after stress, there was a significant increase in the percentage of CRFr silver grains associated with endosome-like vesicles (F 2,6 ϭ 26; P Ͻ 0.005), multivesicular bodies (F 2,6 ϭ 22; P Ͻ 0.005), and Golgi apparatus (F 2,6 ϭ 42; P Ͻ 0.0005). Whereas associations with endosomal-like vesicles were greater at 1 vs. 24 h after stress, associations with multivesicular bodies and Golgi apparatus were greater at 24 vs. 1 h after stress (Fig. 6B) . There was no significant difference in the percentage of CRFr silver grains associated with endoplasmic reticulum or unidentified structures between treatment groups examined.
Attenuation of stress-induced CRFr internalization by a CRF 1 antagonist
In a separate experiment, the ability of pretreatment with the selective CRF 1 antagonist antalarmin to attenuate CRFr internalization induced by swim stress was determined. Similar to the previous experiment, in control rats, CRFr immunolabeling was distributed along the plasma membrane of LC dendrites (Fig. 7A) . In sections from these subjects that were handled and perfused 24 h later, the ratio of cytoplasmic to total CRFr label was similar to that of controls in the experiment described above (Table 1) . In rats injected with vehicle before swim and perfused 24 h later, there was clear evidence of CRFr internalization (Fig. 7B and Table 1) . Notably, the ratio of cytoplasmic to total CRFr determined in this case was similar to the previous experiment using rats that did not receive vehicle but were perfused 24 h after stress. Pretreatment with antalarmin ( Fig. 7C and Table 1 ) resulted in a statistically significant reduction in CRFr internalization, although the ratio of cytoplasmic to total CRFr was still somewhat greater in antagonist-treated rats than that determined in control rats.
Discussion
The present results provide the first evidence of stressinduced CRFr internalization in vivo. Swim stress resulted in a shift in CRFr localization from the plasma membrane to the cytoplasm that was apparent at both 1 and 24 h after the stress, with a greater effect at 24 h, underscoring the persistence of the internalization. Pretreatment with the selective CRF 1 antagonist antalarmin attenuated swim stress-induced FIG. 5. CRFr-labeled axon terminals in LC from control and stressed rats. A, CRFr immunogold-labeling is present in an axon terminal (CRFr-t) from a control rat and is associated with the plasma membrane (arrowheads). Also shown is an astrocytic process (asterisks) apposed to the dendrite. B, CRFr immunogold labeling (arrows) is prominently associated within the intracellular compartment in a CRFr-labeled axon terminal (CRFr-t) from a case perfused 1 h after 15-min swim stress. dcv, Dense-core vesicles; m, mitochondria. Scale bar, 0.5 m. CRFr internalization. These results are consistent with the idea that swim stress releases CRF that then acts on CRF 1 in LC neurons and support the concept that CRF serves as a neuromodulator to regulate LC activity during stress. The profile of organelles that CRFr was associated with changed with increasing time after stress in a manner that suggested degradation and possible new synthesis of CRFr. These cellular events are consistent with reported electrophysiological changes in LC sensitivity to CRF that are observed 24 h after swim stress (18) . CRFr internalization may be an important mechanism for regulating the sensitivity of the LC-NE system to CRF and other stressors (18, 30) . Targeting cellular substrates involved in the trafficking of CRFr may provide a novel approach toward manipulating the sensitivity of the LC-NE system to CRF for treatment of stress-related psychiatric disorders.
Methodological considerations
Despite physiological evidence for direct effects of CRF on LC neurons (31) , in situ hybridization studies have failed to detect CRFr mRNA in the LC, arguing against the presence of CRFr protein in these neurons (32) . Although our group and others have demonstrated CRFr immunolabeling in LC neurons (24, 28, 33) , it might be argued that the antibodies used are detecting another protein with strong homology to CRFr. The present study controlled for this possibility by demonstrating a lack of CRFr immunolabeling in sections from mice with a deletion of CRF 1 . As previously reported in studies using other CRFr antibodies, we were able to detect CRF immunolabeling in these areas in wild-type mice. This important control confirms the specificity of the antibody used in the present study. Finally, our demonstrations that CRF (24) and stress (the present study) cause cellular internalization of the immunolabeled protein and that stress does so in a manner that is sensitive to a CRF 1 antagonist, further support the idea that the antibody is detecting CRF 1 in LC neurons. It would be difficult to suggest an alternate scenario that would explain both the control findings and these trafficking events. The discrepancy between expression of CRFr protein and CRFr mRNA in the LC remains but may be related to an issue of detection.
The preembedding immunogold method provides distinct subcellular localization of reaction product while maintaining morphological preservation (25) . Moreover, it is more suitable than postembedding methods for localization of immunoreactivity at extrasynaptic sites and for determining regional distributions (34) . However, the preembedding immunogold method is likely to underestimate the CRFr levels due to limited penetration, compared with the postembedding method, which minimizes penetration problems because of the relative thickness of the sections. This limitation of the preembedding technique was minimized in the present study by collecting ultrathin tissue sections near the tissue-Epon interface to ensure that labeling was clearly detectable in sections included for analysis (35) . Furthermore, experimental groups were processed in parallel; therefore, this caveat should not contribute to group differences.
Characteristics of CRFr internalization: comparison with other studies
After stimulation with agonists, most G protein-coupled receptors are internalized (36, 37) . Receptor internalization prevents persistent receptor signaling and allows cells to regulate sensitivity to subsequent agonist exposure on both a short and long-term basis. Receptor internalization may also play a role in cell signaling, particularly in axon terminals (38) . Agonist-induced internalization of CRFr, a G protein-coupled receptor, has been characterized in vitro using cultured pituitary cells, primary cortical cells, HEK-293, and CHO-K1 cells (20 -23, 39, 40) . Our recent study provided the first in vivo evidence of agonist-induced CRFr internalization (24) . This was produced in LC neurons by a physiologically relevant dose of CRF. Functional correlates of agonist-induced internalization can be seen as acute tachyphylaxis of LC neurons to cumulative local application of CRF (9) . Although CRFr internalization was not examined at time points later than 30 min in that study, physiological studies showing long-term desensitization of LC neurons to CRF after a single intracerebroventricular dose suggests that this may be an enduring phenomenon that is related to receptor down-regulation (15) .
The present study demonstrates that CRFr internalization is more than a pharmacological phenomenon, but occurs with a stressor, underscoring the functional relevance of this process. Taken with the attenuation of CRFr internalization by prior treatment with a CRF 1 antagonist, this provides evidence that CRF is released during stress to act on CRF 1 receptors in LC neurons. The inability of antalarmin to completely prevent stress-induced CRFr internalization could be related to suboptimal onset and/or duration of antagonist effect with respect to the time course of CRFr internalization. Interestingly, some CRF antagonists have been reported to induce CRFr internalization through pathways that differ from agonist-induced internalization (21) . However, this requires antagonist binding at both the extracellular and juxtacellular receptor domains, and nonpeptide antagonists such as antalarmin bind solely to the juxtacellular domain and so are not likely to do this. The consistency in the mean ratio of cytoplasmic to total silver grains in basal (~0.5) and stimulated (~0.8) states was striking. This was seen between experiments in the present study and between studies involving CRF or swim stressinduced stimulation (24) (present study). Interestingly, a study examining cellular localization of dopamine 1 and muscarinic 2 receptors in striatum under basal and pharmacologically stimulated conditions reported similar ratios (41) (42) (43) . This may reflect common underlying processes for internalization of G protein-coupled receptors.
Intracellular fate of CRFr
It is of great interest to identify the fate of internalized receptors, because this determines the duration of any changes in cellular sensitivity or whether the receptor plays a role in other cellular processes. For example, internalized GH receptor stimulates mitochondrial function (44) . Using endosomal markers, Holmes et al. (39) suggested that internalized CRFr in HEK-293 and primary cortical cells was associated with early endosomes and transited to recycling endosomes, as opposed to degradative lysosomes, suggestive of a rapid recycling process. Consistent with this is evidence that CRFr behaves like a class A G protein-coupled receptor that interacts transiently with ␤-arrestin and therefore can be recycled more rapidly (40) . These studies have all used in vitro preparations. In vivo, CRFr that becomes internalized in LC dendrites after either agonist stimulation or stress is also associated with endosomes (24) (present study).
However, the present study shows a progression from associations with early endosomes to multivesicular bodies as time after stress increases. Because multivesicular bodies often provide a route to the lysosomal system, this path may favor degradation/down-regulation of CRFr. Such a cellular effect would be consistent with the relatively enduring electrophysiological changes in LC sensitivity to CRF that have been reported (15, 16, 18, 30) . Increased associations of CRFr with the Golgi apparatus at a later time after stress could reflect synthesis of new receptor. Alternatively, the associations with vesicular bodies and the Golgi may reflect communication between the two compartments that is involved in recycling. More studies using labeled receptor proteins would be required to make conclusions regarding the temporal aspects of new receptor formation. A, Electron photomicrograph showing immunogold-silver labeling for CRFr along the plasmalemma (arrowheads) in a dendrite of a control rat; B, CRFr labeling is more prominent in the cytoplasm in a dendrite from a subject pretreated with vehicle before swim and perfused 24 h after 15-min swim stress; C, A dendrite from an antagonist-pretreated subject exposed to swim stress and perfused 24 h later indicating a reduction in CRFr internalization. Arrows point to immunogold-silver particles distributed within the cytoplasmic compartment, whereas arrowheads point to immunogold-silver labeling on the plasma membrane. m, Mitochondria; t, terminal; ud, unlabeled dendrite. Scale bar, 0.5 m.
Functional significance of swim stress-induced CRFr internalization
Prior exposure to swim stress changes LC sensitivity to CRF in a complex way, as indicated by the shift in the CRF dose-response curve for LC activation (30, 45) . Twenty-four hours after swim stress, LC neurons are sensitized to CRF in that they are activated by doses of CRF that would be ineffective in control rats. However, the CRF dose-response curve plateaus at a lower response. A similar type of shift occurs in rats that have had repeated sessions of foot shock (30) . It is speculated that the sensitization to low doses of CRF is a result of altered receptor coupling, whereas the plateau reflects a loss of receptor at the plasma membrane as a result of internalization. This would be a good mechanism for blunting the response of the LC-NE system to high levels of CRF but maintaining a degree of sensitivity so that the system is still able to respond to a challenge. The temporal correlation between LC sensitivity and magnitude of internalization supports the causality of these cellular events. Interestingly, the changes in LC sensitivity to CRF observed 24 h after swim stress occur in male but not female rats (45) . Rather, LC neurons of control female rats are more sensitive to CRF compared with male rats, and prior swim stress merely produces a slight shift to the right in the CRF doseresponse curve of female rats. This suggests the intriguing possibility of sex differences in cellular trafficking of CRFr that are expressed as differences in the stress sensitivity of the LC-NE system.
Stress-induced CRFr internalization in axon terminals was observed sometimes as we reported previously (24) . Internalization of receptors in axon terminals has been reported in cannabinoid receptors in hippocampus (38) and neurotensin in neostriatal synaptosomes (46) . Retrograde transport of the receptor-endosome complex toward the soma has been shown and suggests a role for the internalized receptor in cellular signaling (38) . Localization of receptors in the axon terminals may function as autoreceptors and heteroreceptors to exert presynaptic inhibition of transmitter release as shown by serotonin 1B receptor (47) . Whether CRFr in the axon terminals serves as heteroreceptor or autoreceptor in the present study is not known. Nevertheless, localization of CRFr in axon terminals suggests potential synaptic effects of CRF to LC neurons.
In summary, using electron microscopy, evidence was provided for stress-induced internalization of CRFr in LC neurons. By governing the sensitivity of the LC-NE system to stress, this dynamic cellular process may regulate the magnitude of emotional arousal in response to a stressor.
